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(54) Apparatus and method for 3R regeneration of optical signals 



(57) Apparatus and a method for 3R regeneration of 
optical digital signals in which a modulator, preferably 
an electroabsorption modulator, is driven by an electri- 
cal clock synchronised with optical input pulses (prefer- 
ably by a phase-locked-loop controller) is located down- 
stream of a 2R regenerator so as to receive its output. 



Because the pulses are reshaped by the 2R regen- 
erator before they are retimed by the modulator, a small- 
er proportion of the pulse energy is likely to be lost in 
retiming, and the effect of "chirp" from the 2R regener- 
ator may be diminished because the parts of the pulse 
most affected by it are removed in retiming. 
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Description 

[0001] This invention relates to apparatus and a meth- 
od for regenerating optical digital (pulse) signals, in tel- 
ecommunications and other optical data-handling sys- 
tems. 

[0002] Amplitude Modulated optical digital signals (in 
which binary "one" is represented by the presence of 
optical power and binary "zero" by its absence) can be 
standardised in one of two formats: 

(a) in the return-to-zero (RZ) format, individual op- 
tical pulses are initially generated with a symmetri- 
cal "bell-shaped" waveform (approximating a Gaus- 
sian distribution curve or a hyperbolic secant); while 

(b) (b) in non-return-to-zero (NRZ) format, optical 
power remains present between adjacent "one" dig- 
it positions. In RZ format, pulse length may be set 
around half the pulse interval, for maximum optical 
power, or it may be set short compared with the 
pulse interval, which in principle allows simple in- 
terleaving of a number of data streams to establish 
optical time-division multiplexing, if that should be- 
come a requirement; this is plainly not possible with 
NRZ format. NRZ format is currently preferred for 
systems operating at data rates up to 10Gbit/s, but 
it seems likely that RZ format will be adopted for 
future systems operating at 40Gbit/s or at higher 
rates. 

[0003] This invention works primarily with RZ format, 
but can be adapted to receive and process input signals 
in NRZ format if required; it is thus expected to be ap- 
plied primarily (but not exclusively) to systems operating 
at 40 Gbit/s or faster. 

[0004] Once the light pulses enter a telecommunica- 
tions system or other data handling equipment, they are 
subject to degradation from a variety of sources: for ex- 
ample, absorption, chromatic dispersion and polarisa- 
tion mode dispersion, cross-talk, accidental partial re- 
flections, optical noise (typically arising in amplifiers) 
and self-phase and cross-phase modulation, which may 
reduce amplitude, increase rise and fall times, often un- 
equally, alter rise and fall profiles, disturb pulse spacing 
and possibly cause pulses to overlap and in extreme risk 
that they become indistinguishable (such degradation is 
sometimes referred to as "eye closure" because it is 
best observed by superimposing pulses, and their "ab- 
sences" representing "0" digits, on an oscilloscope, re- 
sulting in an image bearing some resemblance to an 
eye); so if the number of bit errors at receiver is not to 
become unacceptable, they need to be restored at least 
approximately to their original form or else converted to 
a consistent and acceptable but different form: both op- 
tions are included in the term "regenerated". 
[0005] Further, the requirements for a flexible multi- 
plexing system that allows multiplexed channels to be 
"dropped" and new channels independently generated 



to be "inserted" into the resulting vacant "slot" requires 
precise synchronisation of the pulse streams based on 
"clock recovery" from one of the data-streams; and 
where wavelength-division multiplexing is also used, the 
5 ability to transfer data from one wavelength to another 
is required. 

[0006] Signal amplitude is relatively easy to restore, 
for instance by using rare-earth doped fibre amplifiers 
or semiconductor optical amplifiers, but this is likely to 

10 aggravate other kinds of degradation. 

[0007] Regeneration that increases amplitude and 
improves pulse shape, but does not re-time pulses, is 
called "2R" regeneration, and is achieved in a number 
of ways; in particular, 2R regeneration can be achieved, 

15 generally in combination with wavelength conversion, 
using a semiconductor optical amplifier (SOA) operating 
in cross-phase modulation mode followed by a Mach- 
Zehnder interferometer with a delay in one arm. Incom- 
ing signal and a continuous wave at a new wavelength 

20 are input to the SOA, either in the same direction (in 
which case it is desirable to block the original signal at 
the outlet side of the SOA by means of a band-pass fil- 
ter) or in counter-propagating direction (when a filter 
may be unnecessary); on arrival of an input pulse, the 

25 carrier density of the SOA is very quickly changed due 
to stimulated recombination, recovering relatively slowly 
because the carrier lifetime is long compared with the 
pulse rate and the rate of recombination changes only 
slightly in response to the input light pulse; this results 

30 in a corresponding fast-rise slow-fall transient change 
in the refractive index seen by the continuous wave and 
a like transient phase change in the continuous wave. 
The interferometer delay needs fine adjustment to 
achieve an appropriate optical phase relationship: usu- 

35 ally it is chosen so that interference is destructive for the 
continuous-wave light in the absence of an input signal, 
and the result is that each input pulse produces an out- 
put pulse at the continuous-wave wavelength whose 
rise follows the rapid rise of the non-delayed transient 

40 while its fall follows the rapid rise of the delayed tran- 
sient, giving a good pulse shape (but the phase relation, 
and the resulting output pulse profile, can be inverted if 
desired). 

[0008] Depending on the input power level of the con- 
45 tinuous wave light and other factors, the amplitude of 
the output pulse may be greater or less than that of the 
input signal pulse; but the primary function of this step 
is to restore the shape of the pulse, and usually addi- 
tional amplification will be needed to obtain the desired 
50 output amplitude, and in some cases to allow the regen- 
erator to operate effectively; this may be provided, for 
example, by doped-fibre amplifiers or semiconductor 
optical amplifiers at the input, output and/or in other po- 
sitions. 

55 [0009] Retiming by using an electroabsorption modu- 
lator (EAM) as a phase-sensitive detector is well estab- 
lished, and WO99/05812 describes how the electroab- 
sorption modulator may be simultaneously used for de- 
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multiplexing and wavelength translation. 
[0010] 3R regenerators have been proposed in which 
a modulator is first used to retime pulses and they are 
then amplified and reshaped by a non-linear optical am- 
plifier, but this has the disadvantage that the modulator 
necessarily shortens the input pulses and so reduces 
their energy, requiring additional gain to compensate. 
[0011] The present invention provides a 3R regener- 
ator in which this disadvantage is usefully reduced. 
[0012] In accordance with one aspect of the invention, 
a 3R regenerator comprises a modulator, an electrical 
clock for driving the modulator, and a controllerfor main- 
taining synchronism of the clock with optical input pulses 
and a 2R regenerator, and is characterised in that the 
modulator is located downstream of and receives the 
output of the 2R regenerator. 

[0013] Preferably the modulator is an electroabsorp- 
tion modulator, but other modulators, including in partic- 
ular lithium niobate modulators, can be used. 
[0014] Preferably the controller is a phase-locked 
loop controller, but other types of controller, for example 
the narrow-band filter and locked oscillator types, can 
be used. 

[0015] Preferably the 2R regenerator is also a wave- 
length translator, of the kind comprising a time-delay 
interferometer, at least one semiconductor optical am- 
plifier and a source of continuous wave of the desired 
output wavelength coupled so that the SOA operates in 
cross-phase modulation mode. For convenience, this 
type of 2R-regenerator/wavelength translator will be re- 
ferred to as a delayed interference signal-wavelength 
converter or DISC; two DISC'S may be provided and op- 
erated in series, in order to provide a simple means of 
restoring the original wavelength when translation is not 
required. Conventional opinion has been thatthe length 
of delay in a DISC should be somewhat greater than the 
pulse length of the signal, in order to maximise the en- 
ergy content of the pulses: but this results in pulse 
lengthening, and an alternative is to use a delay of about 
30-70% of the input pulse length in order that the pulse 
length is maintained relatively constant,as more fully de- 
scribed and claimed in our application GB01 28685.5 
filed 30 November, 2001 . 

[0016] Most preferred is a DISC in which the inputsig- 
nal and continuous wave are coupled to the same side 
of a single SOA, and a Mach-Zehnder interferometer is 
coupled to the other side. Alternatives include a Mach- 
Zehnder interferometer with separate, preferably iden- 
tical, SOA's in its two arms and with continuous wave 
input split and supplied to both SOA's and a Sagnac 
interferometer with a single SOA. 
[0017] Preferably the electrical clock is set to turn on 
the modulator for a time shorter than the length of the 
pulses received from the 2R regenerator, in orderto pro- 
vide tolerance for variations in the precise timing of pu Is- 
es ("jitter") in the input signals. 

[0018] Preferably the modulator itself acts as a phase- 
sensitive detector, for example in the way proposed in 



WO99/05812. 

[0019] To enable the regenerator of the invention to 
process an incoming data-stream in NRZ format, it may 
first be converted to RZ format by a modulator; this may 
5 with appropriate routing serve also as the modulatorthat 
re-times the output pulses. 

[0020] The invention includes a method of "3R" re- 
generation of digital optical signals that have become 
degraded comprising retiming pulses of the signal by 

10 means of a modulator driven by an electrical clock con- 
trolled to maintain synchronism with optical input pulses 
and reshaping pulses of the signal by means of a 2R 
regenerator, characterised by locating the modulator 
downstream of the 2R regenerator so as to receive its 

is output. 

[0021] Preferably the 2R regenerator is also used as 
a wavelength translator, ortwo2R regenerators may be 
operated in series, as already described, to generate 
output at the same wavelength as the incoming signal. 

20 [0022] Preferably modulator is turned on by the elec- 
trical clockforatimeshorterthan the length of the pulses 
received from the 2R regenerator, in order to provide 
tolerance for variations in the precise timing of pulses 
("jitter") in the input signals. 

25 [0023] Preferably the modulator itself is used as a 
phase-sensitive detector, for example in the way pro- 
posed in WO99/05812. 

[0024] The invention includes a method of processing 
an incoming data-stream in NRZ format comprising first 
30 converting it to RZ format by a modulator; this may with 
appropriate routing be used also as the modulatorthat 
retimes the pulses. 

[0025] In the preferred 2R regenerator, the operation 
of the Mach-Zehnder interferometer is dependent on 

35 phase changes in the semiconductor optical amplifier, 
but these phase changes also result in unwanted "chirp" 
on the output of the interferometer; an additional advan- 
tage of locating the electroabsorption modulator down- 
stream of the 2R regenerator is that the parts of the 

40 pulse where the chirp is greatest are removed. 

[0026] The invention will be further described, by way 
of example, with reference to the accompanying draw- 
ings in which: 

45 Figure 1 is a diagram of a simple 3R regenerator/ 
wavelength translator in accordance with the inven- 
tion; 

Figure 2 shows another 3R regenerator/wavelength 
translator in accordance with the invention using the 

50 electroabsorption modulator in counter-propagat- 
ing mode as phase-sensitive detector for re-timing; 
Figure 3 shows a further 3R regenerator/wave- 
length translator in accordance with the invention 
using the electroabsorption modulator in co-propa- 

55 gating mode as phase-sensitive detector for re-tim- 
ing; 

Figures 4-6 illustrate modifications enabling the 
processing of NRZ format input; and 
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Figures 7 and 8 illustrate the use of alternative types 
of 2R Regenerator 

[0027] In the circuit shown in Figure 1 , a degraded in- 
put data-stream 1 at a first wavelength is received at 
2; for purposes of illustration, a linear optical amplifier 
is shown at 3 where it acts on the un regenerated data- 
stream: its main function here is to amplify the signal to 
a level at which the regenerator itself operates effective- 
ly and preferably optimally. Additionally (or alternatively, 
if the input signal is strong enough) a linear optical am- 
plifier will usually be positioned to act on the 3R regen- 
erated output at 5, where its main function is to obtain 
the desired output power level. The incoming or ampli- 
fied data-stream is passed to a splitter/coupler 6 from 
which a major part goes to the semiconductor optical 
amplifier 7 and a minor part to a clock recovery unit 8, 
in this case of any conventional design. An unmodulated 
continuous wave at a different wavelength X 2 (which will 
become the output wavelength) is generated locally and 
enters at 9 to pass predominantly through the semicon- 
ductor optical amplifier 7, in co-propagation with the sig- 
nal. The semiconductor optical amplifier 7 modulates 
the X 2 carrier in the manner described above, and a 
bandpass filter 10 prevents the original signal at wave- 
length A,i from propagating further. A Mach-Zehnder 
interferometer 11 cooperates with the semiconductor 
optical amplifier to complete a 2R regenerator, and its 
delay is set so that it generates a stream of output pulses 
(12) in which the peak amplitude is sustained for suffi- 
ciently more than the desired length of the output pulses 
to be regenerated to provide a safe margin for jitter (it 
will be remembered that the lengths of these pulses are 
determined by the interferometer delay period and not 
limited by the length of the input pulses). 
[0028] This stream of pulses is now retimed by elec- 
troabsorption modulator which is turned on by the clock 
recovery unit 8 for a time period corresponding to the 
desired output pulse length and centred on the time-av- 
eraged pulses arriving there from the 2R regenerator. A 
3R regenerated output pulse stream 1 4, aligned with the 
central part of the incoming signal pulses, is thus ob- 
tained. 

[0029] The arrangement of Figure 2 is substantially 
the same, except that the electro absorption modulator 
1 3 acts additionally as a phase-sensitive detector in the 
clock recovery unit 8. The minor part of the input data- 
stream, freed of light of wavelength X 2 by a bandpass 
filter 15, is passed in a counter- propagating direction 
through the electroabsorption modulator and thence to 
a photodiode 16, which has a bandwidth greater than 
the loop bandwidth of the clock- recovery phase-locked 
loop (but not sufficient for it to respond to the system 
pulse frequency) - typically in a range from a few hun- 
dred kilohertz to a few megahertz. The phase relation- 
ship is set (in an integrated optical implementation) or 
adjusted (in a fibre-optic implementation) such that the 
arrival there of the steepest part of the rise (or alterna- 



tively of the fall) of the incoming pulses is in the middle 
of the period for which the EAM is turned on, and so the 
electrical output of photodiode 16 responds markedly to 
afluctuation in timing (a phase error); phase-locked loop 
5 controller 17 commands clock 18 in the usual way to 
correct such errors and hold the output of the photodi- 
ode in a narrow variance band. 

[0030] Figure 3 shows an alternative arrangement in 
which the new continuous wave is introduced by awave- 
10 length-division multiplexor (WDM) 21 (or a coupler) im- 
mediately upstream of the semiconductor optical ampli- 
fier 7, allowing the3R regenerated output 22 to betaken 
from the splitter/coupler 6. The use of a WDM at 21 has 
the advantage, compared with the arrangements of Fig- 
's ures 1 and 2, that substantially all the continuous-wave 
input power is available to the semiconductor optical 
amplifier, but also has the disadvantage that the oper- 
ating wavelengths of the device becomes fixed, and it 
is also likely to be a little more expensive; a simple cou- 
20 pier would avoid those disadvantages, but is likely to in- 
troduce a 3dB (50%) loss. 

[0031] Figure 4 is identical with Figure 1, except for 
the addition of a further electroabsorption modulator 25 
which is switched "off" in the inter-pulse periods of the 
25 input data-stream to convert an incoming stream from 
NRZ to RZ format so that it can be regenerated as de- 
scribed. 

[0032] Figure 5 shows a regeneratorthat is essential- 
ly the same as the one in Figure 3, except that the NRZ 

30 input signal propagates in a direction counterto the out- 
put through the electroabsorption modulator for conver- 
sion to RZ format before entering the semiconductor op- 
tical amplifier. It will be appreciated that precise dimen- 
sional design and/or path length adjustment will be 

35 needed to ensure correct phase relationships for both 
functions. 

[0033] The arrangement shown in Figure 6 is similar 
except that the input and output signals co-propagate 
through the electroabsorption modulator 13, and a split- 

40 ter 30 and band-pass filters 31 and 32 are needed to 
separate them (or a WDM could be used). 
[0034] Figure 7 shows a regenerator generally similar 
to the one shown in Figure 1 , but using a modified form 
of Mach-Zehnder interferometer in which separate, 

45 identical SOA's are provided in the two arms; the data 
input signal (after amplification, if required) is, apartfrom 
a minor fraction needed for clock recovery, divided be- 
tween the two SOA's, as is the continuous wave input 
at 9. Time delay 36 may be located at any convenient 

50 position in one of the arms. Function is substantially the 
same as in the arrangement of Figure 1 . 
[0035] Figure 8 is also generally similar to Figure 1 . 
but illustrates the use of a Sagnac interferometer, in 
which the continuous wave input is split and launched 

55 into both arms 40 and 41 of a loop waveguide. A single 
SOA 42 is positioned asymmetrically in the loop to es- 
tablish a time delay of 2t (where t is the transit time from 
the centre of the loop to the SOA, or vice versa), pro- 
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ducing wavelength translation and interference as be- 
fore. It should be noted that, because part of the output 
light counter-propagates with the input light, the length 
of the SOA needs to be limited to avoid pulse spreading 
due to the input data signal producing changes in the 5 
SOA within the transit time of the output light: for a 
40Gbit/s system , we estimate that an SOA no more than 
1 mm long will be needed. 

[0036] The arrangements described are generally ca- 
pable of implementation in either fibre or integrated op- 10 
tical circuit form (or partly in each); because of the loop 
configuration, the arrangement of Figure 8 is primarily 
suitable for implementation in fibre. When fine adjust- 
ment of timing is needed to establish the correct optical 
phase relationshipforthe required interference, fibre im- is 
plementations will usually provide facility to stretch a 
length of fibre, whereas integrated implementations will 
usually provide for adjustment by local heating of a 
waveguide, or more generally by temperature adjust- 
ment (these adjustment techniques are not applicable 20 
to Sagnac interferometer implementations, but they do 
not need them as the two path lengths are automatically 
equal). 

[0037] Any discussion of the background to the inven- 
tion herein is included to explain the context of the in- 25 
vention. Where any document or information is referred 
to as "known", it is admitted only that it was known to at 
least one member of the pubfic somewhere prior to the 
date of this application. Unless the content of the refer- 
ence otherwise clearly indicates, no admission is made 30 
that such knowledge was available to the public or to 
experts in the art to which the invention relates in any 
particular country (whether a member-state of the PCT 
or not), nor that it was known or disclosed before the 
invention was made or prior to any claimed date. Fur- 35 
ther, no admission is made that any document or infor- 
mation forms part of the common general knowledge of 
the art either on a world-wide basis or in any country 
and it is not believed that any of it does so. 

40 

Claims 

1 . Apparatus for 3R regeneration of optical digital sig- 
nals comprising a modulator, an electrical clock for 45 
driving the modulator, and a controllerfor maintain- 
ing synchronism of the clock with optical input puls- 
es and a 2R regenerator, and is characterised in 
that the modulator is located downstream of and 
receives the output of the 2R regenerator. 50 

2. Apparatus as claimed in claim 1 in which the mod- 
ulator is an electroabsorption modulator. 

3. Apparatus as claimed in claim 1 in which the mod- 55 
ulator is a lithium niobate modulator. 

4. Apparatus as claimed in any one of claims 1-3 in 



which the controller is a phase-locked loop control- 
ler. 

5. Apparatus as claimed in any one of claims 1-3 in 
which the controller is of the narrow-band filter type. 

6. Apparatus as claimed in any one of claims 1-3 in 
which the controller is of the locked oscillator type. 

7. Apparatus as claimed in any one of claims 1-6 in 
which the 2R regenerator is also a wavelength 
translator and is of the kind comprising a time-delay 
interferometer, at least one semiconductor optical 
amplifier and a source of continuous wave of the 
desired output wavelength coupled so that the SOA 
operates in cross-phase modulation mode. 

8. Apparatus as claimed in claim 7 in which the length 
of delay in the interferometer is about 30-70% of the 
input pulse length. 

9. Apparatus as claimed in claim 7 or claim 8 in which 
the 2R regenerator/wavelength translator is of the 
kind in which an input signal and continuous wave 
are coupled to the same side of a single SOA, and 
a Mach-Zehnder interferometer is coupled to the 
other side. 

1 0. Apparatus as claimed in claim 7 or claim 8 in which 
the 2R regenerator/wavelength translator is a 
Mach-Zehnder interferometer with separate semi- 
conductor optical amplifiers in its two arms and with 
continuous wave input split and supplied to both 
semiconductor optical amplifiers. 

1 1 . Apparatus as claimed in claim 7 or claim 8 in which 
the 2R regenerator/wavelength translator is a Sag- 
nac interferometer with a single semiconductor op- 
tical amplifier. 

12. Apparatus as claimed in any one of claims 1-11 in 
which the electrical clock is set to turn on the mod- 
ulatorfor atime shorter than the length of the pulses 
received from the 2R regenerator. 

13. Apparatus as claimed in any one of claims 1-12 in 
which the modulator itself acts as a phase-sensitive 
detector. 

14. Apparatus as claimed in any one of claims 1-13 in- 
cluding also a modulatorto convert an incoming da- 
ta-stream in NRZ format to RZ format. 

15. Apparatus as claimed in claim 14 in which the said 
modulator serves also as the modulator that re- 
times the output pulses. 

1 6. A method of "3R" regeneration of digital optical sig- 
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nals that have become degraded comprising retim- 
ing pulses of the signal by means of a modulator 
driven by an electrical clock controlled to maintain 
synchronism with optical input pulses and reshap- 
ing pulses of the signal by means of a 2R regener- 5 
ator. characterised by locating the modulator 
downstream of the 2R regenerator so as to receive 
its output. 

17. A method as claimed in claim 16 comprising using 10 
the 2R regenerator as a wavelength translator. 

18. A method as claimed in claim 16 comprising using 
two 2R regenerator/wavelength translators in se- 
ries to generate output at the same wavelength as 15 
the incoming signal. 

1 9. A method as claimed in any one of claims 1 6-1 8 in 
which the modulator is turned on by the electrical 
clockforatimeshorterthan the length of the pulses 20 
received from the 2 R regenerator. 

20. A method as claimed in any one of claims 1 6-1 9 in 
which the modulator itself is used as a phase-sen- 
sitive detector. 25 



21. A method as claimed in any one of claims 1-20 of 
processing an incoming data-stream in NRZ format 
comprising first converting it to RZ format by a mod- 
ulator. 30 



22. A method as claimed in claim 21 comprising using 
the same modulator to convert the signals to RZ for- 
mat and to retime the pulses. 

35 

23. Apparatus for 3R regeneration of optical digital sig- 
nals substantially as described with reference to 
any one figure of the drawings. 

24. A method of 3R regeneration of optical digital sig- 40 
nals substantially as described with reference to 
any one figure of the drawings. 
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